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Non-neutralising antibodies help infection
Infection Enhancement

ABSTRACT: The ongoing coronavirus disease 2019 pandemic has raised concerns about the risk of re-infection. Non-neutralizing
epitopes are one of the major reasons for antibody-dependent enhancement. Past studies on the ancestral severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) have revealed an infectivity-enhancing site on the ancestral SARS-CoV-2 spike protein.
However, infection enhancement associated with the SARS-CoV-2 Omicron strain remains elusive. In this study, we examined the
antibodies induced by a multiple epitope-based vaccine, which showed infection enhancement for the Omicron strain but not for the
ancestral SARS-CoV-2 or Delta strain. By examining the antibodies induced by single epitope-based vaccines, we identified a
conserved epitope, IDf (450—469), with neutralizing activity against ancestral SARS-CoV-2, Delta, and Omicron. Although
neutralizing epitopes are present in the multiple epitope-based vaccine, other immunodominant non-neutralizing epitopes such as
IDg (480—499) can shade their neutralizing activity, leading to infection enhancement of Omicron. Our study provides up-to-date
epitope information on SARS-CoV-2 variants to help design better vaccines or antibody-based therapeutics against future variants.
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B INTRODUCTION

The ongoing coronavirus disease 2019 (COVID-19) pandemic
caused by severe acute respiratory syndrome coronavirus 2

Past studies have reported infectivity-enhancing epitopes on
the spike protein of the coronavirus, leading to antibody-
dependent enhancement (ADE) and acute lung injury.” Such

(SARS-CoV-2) has resulted in more than 614 million COVID-
19 cases worldwide as of September 2022. The increased risk
of SARS-CoV-2 re-infection or breakthrough infection has led
to repeated waves of infections. A major reason is that
neutralizing antibody titers have reduced the neutralizing
activity against some variants.' Furthermore, the detected
humoral responses in terms of the neutralizing antibody titer
represent the overall effect of neutralizing and non-neutralizing
antibodies. Current studies have mainly focused on immune
escape caused by multiple mutations on the spike protein. In
addition to immune escape, infectivity-enhancing non-neutral-
izing epitopes can increase the risk of re-infection.” However,
non-neutralizing antibodies induced by vaccines have not been
well studied. We used linear epitope-based vaccines to show
that the overall neutralizing activity of a vaccine is a balance
between neutralizing and non-neutralizing antibodies.
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enhancement can be noticed due to the immunodominance.
Some epitopes elicit stronger antibody-mediated and cell-
mediated immunity and are referred to as immunodominant,
while other epitopes induce no or weak immunological
responses and are referred to as subdominant epitopes.*
Infection enhancement was shown to be induced by a single
SARS-CoV-1 linear immunodominant epitope, LYQDVNC,
which is recognized by the monoclonal antibody 43-3-14.°
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Figure 1. Immune responses induced by a multiple epitope-based vaccine. (A) Construction of the LIS vaccine, a multiple epitope-based vaccine.
(B) Immunization and sample processing of the multiple epitope-based LIS vaccine. (C) Neutralizing activity of the LIS vaccine against the
ancestral, Delta, and Omicron strains; single linear immunodominant sites and their immune responses.

This infectivity-enhancing epitope is conserved in both SARS-
CoV-1 and ancestral SARS-CoV-2. In the ancestral SARS-
CoV-2, this fragment is found in 611—617 of the spike protein.
However, this epitope changed due to the dominant D614G
mutation. More recent studies have revealed for the first time
infectivity-enhancing antibodies and pairwise epitopes on the
N-terminal domain (NTD) and receptor- blndmg domaln
(RBD) of the ancestral SARS-CoV-2 spike protein.”” More-
over, infectivity-enhancing mutations, such as Q498H, have
also been reported in a lethal mouse model.”

Recently, it was reported in South Africa that the Omicron
strain can lead to increased risk of re-infection or breakthrough
infection.” Considering the association between non-neutraliz-
ing antibodies and re-infection, the non-neutralizing antibodies
induced by vaccines based on the ancestral spike protein
should be further tested against Omicron. However, it may be
challenging to investigate the balance between neutralizing and
non-neutralizing antibodies against Omicron because the
Omicron spike protein has multiple critical mutations. The
antigenicity of most conformational epitopes can be shifted by
only one or two mutations. For example, two alterations,
K417N and E484K, led to antigenic drift in the Beta and
Gamma variants.'” As the Omicron spike has over 30
mutations, it is important to use an optimized model for
further study.

To study the balance of neutralizing and non-neutralizing
antibodies, a linear epitope-based vaccine would be a better
model than a conformational epitope-based vaccine. Previous
studies showed that linear epitopes are conserved across
multiple coronaviruses with cross-reactivity.'' Moreover, a
multiple linear epitope-based vaccine has been developed that
shows effectiveness in an animal model.'” In a multiple linear

epitope-based vaccine, if one epitope is destroyed by a single
mutation, the other linear epitopes might be less impacted. At
the same time, we need to detect how mutations impact each
epitope separately. A single epitope-based vaccine can be easily
generated using the hepatltls B core (HBc) proteln V1rus -like
particle (VLP)-based'® SpyCatcher/SpyTag system.'* In this
way, both multiple epitope-based and single epitope-based
vaccines can be utilized to show the integrated and separate
effects of neutralizing and non-neutralizing antibodies induced
by linear epitopes.

In this study, we examined the effects of neutralizing and
non-neutralizing antibodies induced by a multiple linear
epitope-based vaccine against multiple variants including
ancestral SARS-CoV-2, Delta, and Omicron strains. We further
studied the combined and individual effects of neutralizing and
non-neutralizing antibodies induced by single linear epitope-
based vaccines. These findings can provide up-to-date epitope
information on SARS-CoV-2 variants to help design vaccines
or antibody-based therapeutics against future variants.

B RESULTS

Multiple Epitope-Based LIS Vaccine against SARS-
CoV-2 Variants. We examine the linker-immunodominant
site (LIS) vaccine, a multiple epitope-based vaccine, against
multiple variants including ancestral SARS-CoV-2, Delta
(AY.44), and Omicron (B.1.15) (Figure 1A). This LIS vaccine
can induce epitope-specific immunoglobulin (IgG) and offers
effective protection in animals challenged with the live virus.'”
This vaccine contains 10 fragments (IDa-IDi plus Furin)
linked by linkers (Figure 1A). The nine linear immunodomi-
nant sites (IDa-IDi) on the spike protein were ﬁrst identified in
convalescent sera from COVID-19 patients.”> Three sites are

https://doi.org/10.1021/acsinfecdis.2c00488
ACS Infect. Dis. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00488?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00488?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00488?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00488?fig=fig1&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Infectious Diseases pubs.acs.org/journal/aidcbc

A

HBc (1-78) SpyCatcher HBc (79-183) HBc VLP - SpyCatcher . HBc VLP B
Self- 1544 :\\-\QA
(GGGS),  (GGGS), assemble Epitope-SpyTag ’ SpyCatcher o 8 . |
——— _— i oost i
o SpyTag rl'me amf) Ing
HBc VLP-SpyCatcher Monomer Day0 21 35
@ Epitope Y
C SARS-CoV-2 Ancestral Strain Spike Protem
SP NTD S1/82 HR1 HR2TM CP
| j Il i | | i | | [ 1 1
& N £ ¢ 3 g SARS-CoV-2 Delta (AY.44)
o |4E 48 & “'] Spike Mutations
& L S ® & s «a & e £ oF @ g & SARS-CoV-2 Omicron (BA.1)
&é & 4 é ? $& F £%§ K § QQ@’ § & 5}? éyf & Spike Mutations

SARS-CoV-2 Spike Protein ImmunoDominant(ID) Sites

iDal) 21-45 Dbl 221-245 IDelB) 375-394 IDgIP480-499  Furin ) 671-696 IDi E)902-926
IDc B 261-285 IDf [E) 450-469
IDd [E) 330-349 1D I 522-596

IDh1E) 522546
IDh2 W) , 547-571
IDh3 ) 572-596

D IDa (21-45) E IDb (221-245) F IDc (261-285) G IDd (330-349)
E 10" 10" 10" 10"
o
wn
<
3 10 10° 10° 1 10°
2
a
-1 o -1 -1 -1
E10 10 10 10
§
10-2- T T T T 10-2- T T T T 10-2- T T T T 10-2- T T T T
100 100 100 10° 100 100 10t 10° 100 100 100 10° 100 100 10t 10°
H IDe (375-394) | IDf (450-469) JIDg (480-499) K IDh1 (522-546)
E 10" 10" 10" 4 10" 4
o
wn
<
g 10°4 10° 1004 10° 4
‘@
f=
a
— 10" _ B ____ 107 107 1074
S
&
1072- T T T T 1072- T T T T 1072- T T T T 1072- T T T T
100 100 100 10° 100 100 10t 10° 100 100 100 10° 100 100 10t 10°
L IDh2 (547-571) M IDh3 (572-596) N Furin (671-696) O IDi (902-926)
E 10' 10" 4 10" 4 10"
o
wn
<
> 1077 10° 4 10° 100
‘@
f=
a
= 104 101 - __ 1074 107
S
&
102- T T T T 102- T T T T 102- T T T T 102- T T T T
100 100 10t 10° 100 100 10t 10° 100 100 100 10° 100 100 100 10°
Dilution Dilution Dilution Dilution
P
10°
v 10
2.
%10
=10
10’ | |
10° T L T T L L
IDa IDb IDc IDh‘I |Dh2 IDh3 Furin IDi
NTD RBD Non-NTD/RBD S1 S1/S2 S2

Epitope

Figure 2. Immune responses induced by single epitope-based vaccines. (A) Construction of single epitope-based vaccines using HBV core protein
VLPs and the SpyCatcher/SpyTag system. (B) Immunization and sample processing of single epitope-based vaccines. (C) Spike protein and
immunodominant sites. (D—O) Optical density at 450 nm of epitope-specific IgG induced by IDa, IDb, ID¢, IDd, IDe, IDf, IDg, IDh1, IDh2,
IDh3, furin, and IDi. The dashed line shows the cut-off value of the optical density (0.07) for the AUC calculation. (P) AUC of epitope-specific
IgG; neutralization activities of a single linear epitope against SARS-CoV-2 variants.
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Figure 3. Neutralizing activity of single epitope-based vaccines against the ancestral, Delta, and Omicron strains. The neutralization curves of (A)
IDa, (B) IDb, (C) ID¢, (D) IDd, (E) IDe, (F) IDf, (G) IDg, (H) IDh1, (I) IDh2, (J) IDh3, (K) furin, and (L) IDi. (M) 50% inhibitory dose
(ID,) of each vaccine against the ancestral, Delta, and Omicron strains.

in the NTD, four are in the RBD, and one site, IDh, is located
in the non-NTD/RBD S1 fragment. After primer and booster
vaccinations, blood samples were collected from mice to
measure the neutralizing activity (Figure 1B). The LIS vaccine
showed strong protective immune responses in terms of the
pseudotyped virus-based neutralizing antibody titer against
ancestral SARS-CoV-2 and Delta, but not Omicron. The LIS
vaccine had a S0% inhibitory dose (IDg,) or 50%
neutralization titer of over 4000 against the ancestral SARS-
CoV-2 and about 500 against the Delta strain (Figure 1C).
However, the LIS vaccine did not reach 50% inhibition against
the Omicron strain (Figure 1C), which means that the
neutralizing antibody titer was lower than the cut-off value of
1:20. This significant decrease in the neutralizing antibody titer
is not surprising because the mutations on the Delta spike

impact only three fragments of LIS (IDf, IDh, and Furin),
whereas the mutations on the Omicron spike impact five of the
ten fragments (IDd, IDe, IDg, IDh, and Furin). The
neutralizing activity of LIS is weakened by the antigenicity
changes in the Omicron spike, and even worse, this vaccine
induces infection enhancement in Omicron. When the serum
samples were diluted to 1:20, we detected a significant increase
in the percentage infection. This infection enhancement was
similar to the previously reported ADE in human sera.'® As the
neutralizing activity of a multiple epitope-based vaccine is the
sum of the immune responses of each epitope, it is necessary to
determine whether any of the epitope-specific antibodies are
impacted impartially or whether each epitope has a unique
response against different variants.
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To detect the immune responses of individual epitopes, we
constructed HBc protein VLPs for each linear immunodomi-
nant site using the SpyCatcher/SpyTag system (Figure 2A,B).
The HBc VLP-SpyCatcher was constructed by inserting
SpyCatcher in between the 78th and 79th residues of HBc
with (GGGS), linkers on each side. The HBc VLP-SpyCatcher
monomers self-assemble into a polymer with 120 copies, which
are able to display up to 120 linear epitopes per VLP. To
achieve better VLP delivery efficiency, we split the IDh linear
immunodominant site into three subsites, IDh1, IDh2, and
IDh3 (Figure 2C). All linear epitopes were chemically
synthesized by conjugating SpyTag (AHIVMVDAYKPTK)
to the N-terminal. After incubating the linear epitope-
containing SpyTag with HBc VLP-SpyCatcher at a molar
ratio of 3:1 (peptide/VLP), each epitope peptide was rapidly
connected to the HBc-VLP to build the single epitope-based
vaccines (Figure 2A).

The BALB/c mice were immunized with the HBc-VLPs
linked to each linear epitope. After primer and booster
vaccinations, we collected serum samples to measure epitope-
specific IgG (Figure 2B). Distinct epitopes with different
antigenicities induced distinct immune responses, with the
linear epitope-specific IgG enzyme-linked immunosorbent
assay (ELISA) area under curve (AUC) varying from 10* to
10° (Figure 2D—0). Some linear epitopes, including IDa, IDb,
IDd, IDh2, and IDh3, induced high-specific IgG with ELISA
AUC over 10* (Figure 2P). Single epitope-based vaccines can
induce epitope-specific antibodies that can be further utilized
to display the balance of neutralizing and non-neutralizing
antibodies.

To illustrate the infection enhancement of Omicron, we
performed pseudotyped virus-based neutralization assays using
a single epitope to induce polyclonal sera against the ancestral
SARS-CoV-2, Delta, and Omicron (Figure 3A—L). We found
that all epitopes could induce sufficient neutralizing antibodies
to achieve an 1Dy, against the ancestral SARS-CoV-2 (Figure
3). One epitope (Figure 3D) was unable to achieve 50%
inhibition against Delta. Comparing the results of the ancestral
SARS-CoV-2 and Delta strain, there was an eight-fold decrease
in the induced neutralizing antibody titer for each epitope in
the LIS vaccine, with the 50% inhibitory dose (IDs,) against
Delta lower in 10 out of 12 epitopes compared to the ancestral
SARS-CoV-2 (Figure 3M). The neutralizing activity results for
Omicron were much worse. Over 100% infection was detected
at 1:20 dilution for epitopes IDa, IDd, and IDg. These
neutralizing curves for the Omicron strain were V-shaped
curves rather than the standard S-shaped curves (Figure
3A,D,G). Out of the 12 epitopes, only two epitopes showed
50% inhibition against Omicron (Figure 3E,F). The IDe and
IDf epitopes showed standard S-shaped neutralizing curves
with a 50% inhibitory dose (IDy,) of 85.841 and 645.33,
respectively (Figure 3E,F,M). The titer of IDe (375—394)-
specific antibodies against Omicron was dampened due to one
mutation at the N-terminal of IDe (S375F), whereas IDf
(450—469)-specific antibodies showed the highest resistance
to Omicron as there were no mutations in IDf.

The LIS-induced infection enhancement of Omicron can be
explained using the results from single epitope-based vaccines
against Omicron. The results suggest that non-neutralizing
epitopes shade neutralizing epitopes against Omicron in the
multiple epitope-based LIS vaccine (Figure 1C) even with two
epitopes with neutralizing activity against Omicron (Figure
3EF).

B DISCUSSION

In this study, we compared the neutralizing activities of single
epitope-based vaccines and a multiple epitope-based LIS
vaccine against ancestral SARS-CoV-2, Delta, and Omicron
strains. Our results identified a conserved epitope IDf (450—
469) with cross-neutralizing activity and some infectivity-
enhancing epitopes.

By investigating the single epitope-based vaccines, we found
that the balance of neutralizing and non-neutralizing antibodies
in the multiple epitope-based vaccine might affect the overall
neutralizing activity of the vaccine. We found several epitopes
that can induce infection enhancement (Figure 1C) in
Omicron. We identified that sites IDa, IDd, and IDg showed
infection enhancement at a 1:20 dilution with V-shaped
neutralizing curves, whereas most sites showed no neutralizing
activity against Omicron (Figure 3). Two sites, IDe and IDf,
showed neutralizing activity against Omicron when the single
epitope-based vaccines were analyzed (Figure 3E,F). Their
neutralization activities were masked by other non-neutralizing
epitopes in the multiple epitope-based LIS vaccine.

The masking of the neutralizing activity might be a result of
immunodominance as our results suggest that immunodomi-
nant non-neutralizing epitopes in the vaccine can shade other
neutralizing epitopes. The multiple epitope-based LIS vaccine
has three immunodominant epitopes, IDg, IDh, and Furin."?
One immunodominant epitope IDg (480—499) showed
infection enhancement. This epitope is similar to previously
reported SARS-CoV-2 spike immunodominant sites'’ and
infectivity-enhancing epitopes.” This fragment shares most of
the residues of a conformational immunodominant site (G446,
Y449, N481, G482, V483, E484, G485, F486, F490, and
$494), which is recognized by a monoclonal antibody S2H13.
This epitope is immunodominant in the population, with 100%
seropositivity in hospitalized patients, 57% seropositivity in
symptomatic patients, and 74% seropositivity in non-
symptomatic patients.'” The immunodominant linear epitope
IDg (480—499) was shown to have 51.2% seropositivity in
convalescent patients.” This fragment also shares most of the
residues of an infectivity-enhancing epitope, RBD cluster 1
(Y449, 1452, T470, N481, G482, V483, E484, G485, F486,
F490, L492, Q493, and S494).” This suggests that this highly
immunogenic epitope can induce more antibodies compared
to other epitopes in the vaccine, and these antibodies are more
likely to be infectivity-enhancing antibodies.

Our findings might help the future ADE studies in SARS-
CoV-2. ADE is an antibody-mediated increase of viral entrance
into immune cells with Fc receptors'® or other cells without Fc
receptors.”” This effect has been observed in flavivirus
infections spread by mosquitoes, including Dengue'® and
Zika viruses.”” For coronaviruses, ADE has mostly been
observed in animal models infected with SARS-CoV, MERS-
CoV, and feline coronaviruses, where it was found that
vaccination-protected animals developed worsened lung illness
after infection with the viruses.”*"**

It is crucial to note that the prozone effect may have nothing
to do with the above infection enhancement. Hook effect
usually occurs because of antigen excess. Some previous studies
also reported similar phenomena (prozone effect) due to
antibody excess in the agglutination test.”’> This is because
excessive antibodies might bind to all the antigens and block all
the epitope sites, while limited antibodies are able to bind
more than one antigenic particle (pathogen) simultaneously
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and cause cross-linking. Thus, no subsequent agglutination
reaction occurs in the excess of antibodies. The neutralization
test is different from the agglutination test. In the
neutralization test, viruses are overdosed. If antibodies can
bind to viruses, the infection will be inhibited. Even if excessive
antibodies inhibit the antibody—antigen cross-linking, it will
not lead to a higher infection level than that with low or no
neutralizing antibodies. It is difficult to use the prozone effect
to explain why more viruses can infect host cells (infection
>100%). One possible explanation for the >100% infection is
that some non-neutralizing antibodies enhance the viral
infectivity, thus increasing the infection percentage over 100%.

We identified a relatively conserved epitope IDf (450—469),
which is consistent with RBD E6 (454—463) and E7 (459—
471) identified in a previous study.'' The IDf (450—469)
epitope showed high cross-reactivity against SARS-CoV-1 and
SARS-CoV-2"" and cross-neutralizing activity against the
ancestral SARS-CoV-2, Delta, and Omicron (Figure 3F).
This epitope has also been used in other epitope-based
vaccines, which showed humoral immune responses against
Alpha, Beta, and Delta.”* Therefore, the highly conserved IDf
(450—469) epitope should be utilized to develop the next-
generation pan-coronavirus vaccine rather than the infectivity-
enhancing IDg (480—499) epitope. In the research on
antibody escape, it was reported that the fragment IDf
(450—469) contains two escape sites with higher escape
possibility, L455 and F456.”° This might weaken mutation
resistance of linear epitope RBD E6 (454—463) rather than
RBD E7 (459—471). In this way, a well-designed linear
epitope-based vaccine containing RBD E7 (459—471) might
help to generate a pan-coronavirus vaccine.

Overall, we observed that the multiple epitope-based LIS
vaccine induced infection enhancement for the Omicron
variant. Using single epitope-based vaccines, we discovered
that the conserved epitope IDf (450—469) exhibited a
neutralizing effect against ancestral SARS-CoV-2, Delta, and
Omicron, whereas IDg (480—499) was an infectivity-
enhancing epitope for Omicron. This suggests that immuno-
dominant non-neutralizing epitopes might shade neutralizing
epitopes in the multiple epitope-based vaccine, leading to
infection enhancement in Omicron. This study provides up-to-
date epitope information of SARS-CoV-2 variants to help
design vaccines or antibody-based therapeutics against future
variants.

B METHODS

Cell Culture. The human embryonic kidney 293T cell line
was obtained from ATCC. Cells were maintained at all times
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1% penicillin—streptomycin. All
cells were cultured in a humidified incubator in 5% CO, at 37
°C.

Synthesis of Peptides. All SpyTag (AHIVMV-
DAYKPTK)-conjugated peptides were synthesized by GL
Biochem (Shanghai) Ltd. as dry powders. The peptides were
generated using solid phase synthesis techniques, and the
quality of the final product was analyzed by mass spectrometry.
All peptides were dissolved in either pH 7.4 phosphate-
buffered saline (PBS) buffer or 4 M pH 7.0 urea Na,HPO,/
NaH,PO, buffer.

Expression and Purification of HBc VLP-SpyCatcher.
The SpyCatcher gene was engineered into a pET28a-HBV
core protein-based VLP (VLP-SpyCatcher) in our laboratory.

The VLP-SpyCatcher was then expressed in E. coli BL21(DE3)
RIPL cells. A single colony was selected from the cells cultured
on the LB agar plate. The colony was cultured in LB broth
(100 ug/mL Ampicillin) at 37 °C with shaking at 220 rpm for
16 h. The preculture was diluted by 1:100 in 1 L of LB broth
(100 pg/mL Ampicillin) and then further cultured at 37 °C
with shaking at 220 rpm until an OD600 of 0.8 was achieved.
Next, 0.5 M isopropyl f-p-1-thiogalactopyranoside was added
to the LB broth at a 1:1000 dilution to induce protein
expression and further incubated at 32 °C with shaking at 220
rpm for 6 h. After centrifugation, the cell pellet was collected
and resuspended in PBS, followed by sonication on ice for 30
min. The bacterial debris was removed by centrifugation at
16,000g at 4 °C for 1 h. The supernatant was collected and
filtered through a 0.22 pm syringe filter. The HBc VLP-
SpyCatcher was purified by density gradient centrifugation and
anion-exchange chromatography. A centrifugal filter unit with
100 kDa cut-off was used to concentrate the purified VLP-
SpyCatcher. The concentration of the VLP-SpyCatcher was
determined using the bicinchoninic acid test before storing at
—80 °C until further use.

Animals. Female 6- to 8-week-old BALB/c mice were
supplied by the Laboratory Animal Unit of the University of
Hong Kong. The mice were maintained under a 12 h light/
dark cycle at ~23 °C and 40% relative humidity. Each peptide
(25 pug) was mixed with VLP-SpyCatcher at a molar ratio of
3:1 (peptides/VLP) and incubated overnight at 4 °C. LIS
vaccines (25 pg) were made with an aluminum hydroxide gel
adjuvant (alum; 1 mg/mL) at a mass ratio of 1:10. Female
BALB/c mice were subcutaneously injected with the HBc
VLP-SpyCatcher/SpyTag mixture or LIS—alum mixture (3—$
per group, 25 ug/animal/injection). The mice in the control
group were administered an equal dose of HBc VLP-
SpyCatcher/SpyTag or alum mixed with PBS. The prime
vaccination was administrated on day 0, and a boost
vaccination was given on day 21. Blood was collected on day
35 through the tail vein, and serum was isolated and stored at
—80 °C until further use. All animal protocols were approved
by the Committee on the Use of Live Animals in Teaching and
Research of the University of Hong Kong.

Enzyme-Linked Immunosorbent Assay. Serum IgG
levels were measured using ELISA as previously described.'®
In brief, 96-well plates (Nunc, Roskilde, Denmark) were
coated with peptides overnight at 4 °C at a concentration of
0.5 ug/mL (50 uL/well). After removal of the coating buffer,
plates were washed four times in PBS (pH 7.4) containing
0.05% Tween 20 (TBST, Sigma) and then blocked with TBS-
5% (w/v) non-fat milk at 37 °C for 3 h. Mice sera were diluted
in the blocking buffer and added into the wells and incubated
at 37 °C for 1 h. After washing the plates six times in TBST,
secondary horseradish peroxidase-conjugated goat anti-mouse
IgG antibody (ThermoFisher, Catalogue # 31410) diluted in
blocking buffer was added and incubated at 37 °C for 1 h.
After washing the plates four times, 3,3",5,5'-tetramethylbenzi-
dine (Sigma) was added and the reaction was subsequently
stopped using 2 M H,SO,. Optical density at 450 nm was
measured using a Thermo Scientific Varioskan Flash 3001
plate reader.

SARS-CoV-2 Pseudovirus Neutralization Assay. Pseu-
dovirions were produced by co-transfecting 293T cells with
psPAX2, pLenti-luciferase, and plasmids encoding the ancestral
SARS-CoV-2 spike protein, Delta spike (AY.44, reference
sequence: EPI ISL 7260588), or Omicron spike (BA.1.1S,
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reference sequence: EPI_ISL_8358538) using polyetherimide.
The supernatants at 40 and 64 h post-transfection were
collected and centrifuged at 2000 rpm for 10 min and then
passed through a 0.45 pm filter to remove cell debris and
stored at —80 °C until further use. For the neutralization
assays, mice sera were heated to 56 °C for 30 min to inactivate
the complement. The SARS-CoV-2, Delta, and Omicron
pseudovirions were pre-incubated with four-fold serially
diluted mice sera, ranging from 1: 20 to 1:5120 for 1 h on
ice. The virus—sera mixture was then added onto 293/hACE2
cells in a 96-well plate. After 6 h of incubation, the inoculum
was replaced with fresh complete DMEM. Cells were lysed
after 40 h by adding 50 uL of steady-Glo reagent (Promega) to
each well with an equal volume of culture medium and
incubated for 5 min to allow sufficient cell lysis. The
luminescence was measured using a Thermo Scientific
Varioskan Flash 3001 plate reader.
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